ABSTRACT In traditional hybrid-vehicle mode switching, a switch when it changes in road conditions is sensed. Because of the delays in the control system, lags in switching and large impacts on the switching process occur, in what is referred to as ''passive mode switching.'' Via a combination of an intelligent networked hybrid vehicle with environmental sensing, ''passive mode switching'' can be converted into ''active mode switching,'' reducing the impact degree during the switching process and increasing ride comfort. Combined with the application of intelligent transportation system in current traffic, an intelligent traffic scene with optimal traffic-light control (OTLC) is established. The OTLC algorithm determines the future driving-state information of the hybrid vehicle in a built scenario and predicts the driving mode of the hybrid vehicle for the next moment. The current mode and future mode are compared, active control of key components, such as the engine, motor, clutch, and electric-mechanical continuously variable transmission (EMCVT), under the premise of different conditions, is made possible, and corresponding dynamic coordinate active-mode-switching control strategies are developed. The proposed control strategy is simulated and verified on a built-in hardware-in-the-loop (HIL) test platform based on traffic scenarios. The results show that the dynamic coordinated active-mode-switching control strategy presented in this paper is superior to the traditional mode-switching control strategy and that it can overcome the problem of switching lag due to delays in the control system and the large impact during the switching process, reducing the impact degree by about 21.2%, which improves ride comfort.
I. INTRODUCTION
Mode switching is the key to hybrid-vehicle-drivetrain control [1] . The current mode switching of hybrid vehicles is determined by the acceleration/brake pedal, state of charge (SOC), and speed of the vehicle, but this traditional switching method is considered as ''passive'' switching of the vehicle, in terms of changes in power demand. For example, after the driver depresses the accelerator pedal, it is expected that the motor drive mode will shift to combined drive mode, but the control system, clutch, engine, and the like still require a certain response time while the accelerator pedal is
The associate editor coordinating the review of this manuscript and approving it for publication was Rui Xiong. depressed. This causes the mode switching to have a certain time difference with respect to the driver's expected target, delaying the power transmission. Furthermore, this discrepancy causes a problem with a large impact, considering the need to complete the handover as soon as possible. With the advancement of technology, the application of car networking in modern transportation has been further developed [2] - [5] . The vehicle can use the car network information to obtain the location and driving status of the car itself and of surrounding cars and calculate their next time positions and statuses. In order to solve the ''passive'' nature of traditional mode switching, improve the response requirements of the control system, improve ride comfort, explore hybridvehicle driving in an intelligent traffic scene, and determine VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ whether it can switch its mode when it obtains its future state change from ''passive'' to ''active'' in advance, thus reducing the impact of the problem, several studies were conducted. Zhang et al. [6] proposed a new motor-torque algorithm based on a hybrid vehicle equipped with continuously variable transmission (CVT). This algorithm can improve smoothness when switching from pure electric mode to engine mode. Weihua et al. [7] studied the mode switching of parallel hybrid electric vehicles. Based on proportionalintegral-derivative (PID) control of angular-velocity difference, the control method of motor-torque compensation was proposed, aimed at preventing the power demand torque of vehicles from fluctuating during switching, and the vehicle speed steadily followed the expectation. Song et al. [8] took the plug-in hybrid electric vehicle (PHEV) as their research object. Through analysis of vehicle dynamics in different switching stages, different mode-switching-control strategies to reduce torque fluctuation and achieve the purpose of suppressing chattering were proposed for each process. Based on the structural characteristics of plug-in hybrid buses, Ye et al. [9] analyzed the main working modes of plug-in hybrid buses under the driving state. The control logic was developed based on the logical relationship of mode switching. The mode switching methods mentioned in literature [6] - [9] are all aimed at the hybrid power system itself. To some extent, they solve the problem of high impact in mode switching, but they do not solve the problem of slow response time and power delay. At present, most of the literature on the combination of hybrid vehicles and the Internet of Vehicles explore the problem of energy consumption optimization or traffic improvement, but research on the combination of hybrid-vehicle mode switching and vehicle networking is relatively weak. For example, Qian and Qiu [10] proposed a layered control method based on V2X (vehicle to  vehicle, vehicle to communication, vehicle to infrastructure,  vehicle to communication with traffic facilities) , to solve real-time energy management and optimization problems of hybrid electric vehicles; Baker et al. [11] used vehicleto-vehicle (V2V) communication and real driving data for speed prediction and combined these with the latest energymanagement strategies to improve the fuel economy of hybrid vehicles; Zhang et al. [12] used chain neural network (CNN) to predict the velocity in different time ranges and combined the traffic information provided by V2V and vehicle to infrastructure (V2I) as the basis for the equivalent consumption minimization strategy (ECMS); Wu et al. [13] studied the control strategy of avoiding collision of cars at an intersection with no traffic lights, on the basis of V2V communication, and used PreScan to establish a traffic-scene model and verify the control strategy; Jiang et al. [14] proposed a full-velocitydifference (FVD) model based on other aspects of the followup process; Sewall et al. [15] proposed a continuous model based on traffic flow, to simulate real road-traffic-flow information; and Lv et al. [16] collected experimental data from real traffic scenarios, in a study of drivers' braking-intensity identification. In order to further improve the smoothness and timely response of hybrid-vehicle mode switching, the feasibility of mode switching and vehicle networking combined into ''active'' mode switching is considered. An intelligent traffic scene, introducing the Internet of Vehicles, taking into account the actual driving environment of the vehicle, and assuming that dedicated short-range communications (DSRC), intelligent transportation system (ITS), and V2V are available, was established, so that the hybrid vehicle can obtain traffic information (road conditions, vehicle speed, vehicle status, position) in real time [17] , [18] ; the hybrid vehicle performs active mode switching, according to the demand of vehicle mode switching, after obtaining traffic information. The innovations presented in this paper are:
(1) A dynamic coordinated active-mode-switching control strategy for hybrid systems, based on traffic information, is proposed.
(2) A hardware-in-the-loop (HIL) test platform with a combination of powertrain and traffic scenarios was built to verify the proposed control strategy.
This paper is composed mainly of the following parts. The first part is an introduction of the background behind writing this paper and the latest status of research on this topic in recent years; the second part is regarding hybrid-system modeling; the third part is regarding dynamic-coordination activemode-switching control strategy formulation, including the upper-and lower-layer control strategies; the fourth part is based on hardware-in-the-loop test platform verification of the traffic scenario; and the last part summarizes and presents an analysis of the research results. Fig. 1 shows a plug-in hybrid system equipped with an electric-mechanical continuously variable transmission (EMCVT), independently developed by the unit.
II. HYBRID-SYSTEM MODELING
Power coupling between the gasoline engine and integrated starter-generator (ISG) motor is achieved by an automatic clutch. The ISG motor is directly connected to the EMCVT and transmits power to the wheels through the differential. According to its characteristics, the system can realize the working modes of engine-independent driving, pure electric driving, hybrid driving, regenerative braking, and running charging. Hybrid system mode classification is shown in Table 1 . In Table 1 , T d−rep refers to the system demand torque; T m−max represents the maximum torque that the motor can provide; SOC low is the minimum threshold for battery power; T e−max is the maximum engine torque; SOC max is the maximum threshold for battery power; and T b−rep and T b−max represent the system demand braking torque and maximum braking torque that the motor can provide, respectively.
A. ENGINE MODEL
Through bench test of engine, the engine model is established via a table-looking method. Fig. 2 (a) illustrates the relationship between throttle opening, output torque, and speed, while Fig. 2 (b) shows the numerical model of fuel consumption.
B. MOTOR MODEL
The motor of the disc permanent-magnet synchronous motor was modeled via Park change, and the voltage balance equation of the three-phase winding of the permanent-magnet synchronous motor under d-q coordinates was obtained: 
where d and q are the flux chain of the d and q axes, respectively; and m represents the rotor flux amplitude (W b ).
The relationship between electromagnetic torque T m and flux linkage is as follows:
The dynamic-model and motion-control equations of the permanent-magnet synchronous motor are:
where T L represents the load torque (N/m); B represents the viscous friction damping; and J represents the motor moment of inertia.
C. BATTERY MODEL
The battery model is equivalent to an open-circuit power supply, with an internal resistor connected in series in the loop, ignoring the effect of temperature on the battery. Through charge and discharge experiments on the battery, the relationship between the internal resistance of the battery's electromotive force charge and discharge and the SOC of the battery is determined, as shown in Fig. 3 . The power of the battery is
where P m denotes the motor power. From (7) and (8), the following can be derived:
The charging efficiency of the battery is
The discharge efficiency of the battery is
where P b is the battery power; η Bch is the efficiency during charging; and η Bdis represents the efficiency at discharge.
The SOC calculation formula is as follows, using the ''After Time Integration Method'' [19] - [22] : 
D. CLUTCH MODEL
The clutch state determines the operating mode of the hybrid system. When the clutch is in the disengaged state, the transmitted torque is 0; when the clutch is in the slip state, the torque that the clutch can transmit is (13) where N is the number of clutch plates; µ clt represents the clutch dynamic friction coefficient; ω m and ω e are the motor and engine speeds, respectively; F clt is the positive pressure applied to the clutch plate by the clutch motor; and R clt is the equivalent radius of the clutch. When the clutch is fully engaged, the clutch can transmit all of the engine output torque to the shaft. At this time, the clutch output torque is the engine torque.
The clutch is an automatic clutch whose steering actuator is used mainly to control the separation and engagement of the clutch, as shown in Fig. 4 .
The basic equation of motor motion under constant magnetic-field-excitation conditions is established.
The voltage balance equations are
the torque balance equation is
the motor electromagnetic torque equation is
and the motor acceleration torque is
where u a represents the armature voltage (V); e g represents the back electromotive force; R a represents the total resistance of the armature circuit ( ); L a represents the total inductance of the armature circuit (H); T M represents the motor torque; T B represents the acceleration torque (N · m); J G represents the total moment of inertia (Kg · m 2 ) converted to the motor shaft; and K T represents the torque coefficient (N · m/A). 
FIGURE 6. EMCVT configuration.
The degree of engagement of the automatic clutch determines the amount of torque that the clutch can transmit from disconnection to slippage to locking. The clutch-transmission torque has a certain linear relationship with the clutchengagement degree. The numerical model of the clutchtransmission torque and combined position is obtained via experimental data fitting, as shown in Fig. 5 . Fig. 6 is a schematic diagram of the EMCVT structure. The biggest difference between EMCVT and the traditional electro-hydraulic control CVT is that the traditional CVT is clamped by a hydraulic cylinder, and the solenoid valve adjusts the pressure to achieve speed regulation; while the EMCVT adopts disc spring clamping, and the motor-drivegear reducer and screw-nut mechanism realize speed regulation. The EMCVT structure is relatively simple, the cost is reduced by 30%, and the transmission efficiency of the whole machine is increased by 10%. The EMCVT is mounted on a plug-in hybrid vehicle. There is no need to build a hydraulic system to meet the power transmission requirements of the CVT under pure electric conditions. The structure and control of the system are simplified [23] .
E. EMCVT MODEL
The relationship between the maximum torque Q s that can be transmitted by the power-coupled component of the metalbelt-type CVT, and the input torque of the CVT input is
where T in is the input torque value at the input of the CVT; α is the cone angle, usually 11 • ; µ is the coefficient of friction between the metal strip and cone, which is 0.08 here; β is the torque reserve coefficient, taking the value of 1.25; and R p is the effective working radius of the active cone. The axial load generated by the driven cone through the metal strip on the active cone depends on the ratio of the CVT input torque to the maximum torque, and on the speed ratio and speed. When the effect of the speed ratio on the axialload ratio of the driven cone and active cone is considered, the axial load generated by the axial clamping force of the driven cone on the active cone can be obtained according to the empirical formula:
where A = θ s ;
θ s and θ p are the wrap angles of the metal strip on the driven and active cones, respectively; µ 1 and µ 2 represent the corrected friction coefficients between the metal strip and the main and driven cones, respectively; and ρ 1 and ρ 2 represent the corrected friction angles between the metal strip and the main and driven cones, respectively. According to the geometric relationship, the relationship between the effective working radius of the active cone and the moving speed of the cone can be obtained:
where Rp is the effective working radius of active cone disk, dx is the translation speed of the cone, β.is angle between the generatrix of the cone disc and the vertical line. The speed ratio of a CVT is defined when the slip between the metal belt and the cone is not considered:
where R s is the effective working radius of the driven cone. During the speed regulation process, the length change of the metal strip due to the elastic deformation is small, so the length L of the metal strip can be regarded as a fixed value. Through the geometric relationship, you can then get:
where d is the center distance of the CVT drive. According to (22) , (23), (24) , and the CVT-transmissiondynamics equation, an approximate calculation formula VOLUME 7, 2019 between the speed ratio and the active disk working radius can be obtained:
where
The differential calculations of A, B, and C are as follows:
The rate change rate can be obtained from (13), (14), (15), and (16):
III. RESEARCH ON DYNAMIC COORDINATION ACTIVE MODE SWITCHING CONTROL STRATEGY
The mode switching control strategy is divided into the upper and lower layers. The upper-layer control strategy is the optimal traffic control of the signal light without stopping, and its main purpose is to make the hybrid system fulfill the mode-switching requirement in a traffic-information-based scenario. On the other hand, the lower-layer control strategy is a dynamic, coordinated, active-mode-switching control strategy based on the known future state of hybrid electric vehicles.
A. UPPER CONTROL ALGORITHMS
Based on signal phase and timing (SPaT) [24] , [25] , the main vehicle can quickly pass through the signal-light junctions within the green time range, regardless of how the traffic lights themselves are controlled, in order to improve the traffic rate. The target speed is obtained, and the operating mode of the hybrid system is determined. With the practicality of the traffic environment and the needs of the driver taken under consideration, establishing the following traffic scenario is proposed: The vehicle is driving between two traffic lights.
There is a turning intersection on the road between the traffic lights. The vehicles are divided into a main car and a front car. Starting from the first traffic light, the main car first follows the front car. When driving to the fork without traffic lights, the front car turns, the main car continues to move forward, and there are no other vehicles ahead. Aiming at improving traffic efficiency and don't wait the red light, we designed OTLC algorithm include the car-following phase and the free-drive phase. During driving, it is assumed that both the main vehicle and the front vehicle have V2V and V2I communication capabilities. After the preceding vehicle turns, the roadside unit (RSU) connected to the traffic signal of the main vehicle transmits the position, time information, and additional information of the traffic light in real time. The established traffic scene is shown in Fig. 7 . This paper considers car following and free driving as two continuous stages. Firstly, it explores the car-following stage. Without considering the influence of lanes and adjacent vehicles, a full-velocity-difference (FVD) control model is established by using the following driving theory and principle [26] :
where V (s) is the optimized speed expected by the driver; υ n (t) is the main-car speed; υ n+1 (t) is the front-car speed; χ n (t) is the main-car position; χ n+1 (t) is the front-vehicle position; L c is the body length; s denotes the distance between the two cars; V 1 , V 2 , C 1 , and C 2 represent the optimized parameters and constants; and K and λ denote the reaction coefficients.
After the front car turns away, the main car continues to move forward, and the vehicles enter a free-running state. At this time, the target vehicle speed is obtained without waiting for the red light, so that the main car passes the intersection during the green light. The initial value of the target vehicle speed is calculated as follows:
Other conditions when green light To avoid red-light parking, the signal-state calculation formula is set as follows:
where mod(
) represents the remainder of t d divided byt c .
st r = mod(
where D t is the total distance traveled (km) from the starting traffic-light position to the passing traffic-light intersection; V obj2 (t) represents the second stage of optimal speed (km/h) after the car-following phase; V (t) is the actual driving speed (km/h); V obj (t) is the optimal target speed (km/h); V d represents the difference between the actual vehicle speed and the optimal target speed; S i+1 (t 0 ) and S i (t 0 ) represent the positions of the front and main vehicles, respectively, in the initial state; S i (t) is the main-vehicle position while driving; S i+1 (t) is the front-vehicle position while driving; S 0 denotes the driving safety distance; t 1 and t 2 are the times spent (s) in the first and second phases, respectively; st g is the greenlight status; st r is the red-light status; and V obj1 (t) is the optimal speed of the main car in the following stage.
OTLC ALGORITHM SPEED SOLUTION
In the proposed optimal-traffic-light-control (OTLC) algorithm, the target-speed solving problem is divided into two phases, namely, the following-driving phase and the red-light non-stop phase.
a: THE FIRST PHASE
The end speed of the first stage is equal to the starting speed of the second stage. That is, when the first stage of the preceding vehicle deviates from the lane into the turn, it is the end of the first stage and the beginning of the second stage. The second phase can also be described based on the signal light and current traffic information, combined with the vehicle speed, acceleration, and distance from the signal light, to obtain an optimal vehicle speed for the vehicle that is within the maximum allowable speed range, without waiting for the red light. When the first phase ends, the status of the traffic light at this time is expressed as follows:
where st represents the status of the traffic light.
b: THE SECOND PHASE
First of all, in the car-following stage of driving, if the speed of the preceding vehicle is low, and if it is at a constant speed, it cannot pass the signal-light junction at the end speed of the first stage, so it would be necessary to accelerate the driving. In order to allow the vehicle to pass the signal light in the shortest time within the allowable range, in the second phase, the vehicle accelerates to the maximum road speed limit with maximum acceleration and then travels at a constant speed. According to the period of the signal light and the position of the main vehicle in terms of distance from the signal light, deceleration of motion is performed when the signal light cannot be passed, until the vehicle passes through the signallight intersection. The formula for this process is as follows: 
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The values of t 1 , t 2 , a max , a de , t c , υ 1 , V max , and K W can be determined during the calculation process for analyzing (44), so the solution to the optimal vehicle speed is mainly to optimize the travel time t 22 at the maximum speed and the deceleration time a de if the crossover cannot be passed at the maximum speed. However, it is necessary to ensure that the target vehicle does not stop when passing the signal, and the time spent in the whole process is within the desired range. This becomes a multi-objective and multi-constrained optimization problem [27] , [28] . For contrast, the commonly used algorithm is based on state information and location information given by the traffic lights. After calculations are made for the vehicle to speed up uniformly, it just accelerates to the maximum limit speed when passing the signal lights. The formula for this process is as follows: The green-light duration is set to 20 s, and the red-light duration is set to 40 s. The driver's response coefficient is K = 0.41 s −1 when following the vehicle. The position of the first traffic light is 300 m away from the turning intersection, and the turning intersection is 450 m away from the second traffic light. During the following-driving phase, the precedingvehicle speed is 10 m/s and the host-vehicle SOC = 0.8. The simulation analysis of the upper control strategy is carried out, and the simulation results are as follows: Fig. 8 (a) , Algorithm 1, is the proposed OTLC algorithm, which is solved using the optimization toolbox of MATLAB [29] , [30] . After reaching the maximum speed, the vehicle starts to run at a uniform speed. When driving at the maximum speed but not at the next green light, the main car begins to decelerate, so that the main car can pass through the trafficlight intersection as soon as possible, with the goal of not stopping in the [K W t c , K W t c + t g ] time, which improves the traffic efficiency.
Compared with the common comparative algorithm, the time and distance for Algorithm 2 in Fig. 8 (a) cannot satisfy the condition of this problem after the vehicle arrives at the restricted speed with slow and uniform acceleration. When the vehicle reaches the speed for Algorithm 1, the vehicle in Algorithm 2 does not reach the intersection. Algorithm 2 depends on the length of the intersection and the cycle time of the traffic lights, so it cannot be widely applied to different long roads and signal periods. The proposed OTLC algorithm is selected to simulate and analyze the torque distribution in the driving process. Fig. 8 (b) is a vehicle-driving-torque-distribution diagram under the condition of Algorithm 1. Through OTLC control algorithm, the real-time optimal speed is determined in the process of passing traffic lights. According to the automobile dynamics formula, automobile parameters, road parameters, and road-traffic specifications, the required torques at present and at the next moment can be obtained. After the future demand torque of the hybrid power system is obtained, the working mode of the system in this process is determined according to the size of battery SOC and according to Table 1 .
In Fig. 8 (b) , it can be seen that in the first 30 seconds, the working mode of hybrid electric vehicle is motor mode; between 30 s and 36 s, the demand for torque increases because of the acceleration of the vehicle to the maximum allowable speed, and the hybrid electric system enters the engine-motor combined working mode. In OTLC-based scenarios, a transition from motor mode to engine-motor combined driving mode can be observed; that is, the engine enters the system, and the underlying control strategy is formulated for mode switching in traffic scenarios.
B. LOWER CONTROL ALGORITHMS
The traditional mode-switching control flow is analyzed, and the switching-control logic diagram is as follows:
Through analysis, it can be seen that the engine will only start when the driver's demand torque or battery SOC value changes to meet the requirements of the engine intervention system. Compared to the motor, the engine is slower in terms of speed and torque response [31] . When the hybrid system enters combined drive mode, the torque-distribution algorithm optimizes fuel economy, and the engine should work in the optimal fuel-consumption zone. In the motor, the torque responds quickly from 0 to the target torque; however, the engine is relatively delayed from the closing to the target torque. Therefore, obtaining the demand-torque information of the conventional hybrid system is passive, and the control of the engine is also delayed.
Because of the above analysis, an active-mode-switchingcontrol algorithm based on traffic scenarios is proposed. Compared with the word ''passive'' mentioned above, the word ''active'' here means that the torque required at VOLUME 7, 2019 FIGURE 12. MATLAB/Simulink vehicle simulation model. a future moment by a hybrid system during driving can be obtained. The word ''active'' also means that the mode can determine when the engine is about to be intervened; in order to ensure the timely output of power, the engine is started early, the clutch is engaged in advance, and the speed ratio of the EMCVT is changed accordingly.
The active-mode-switching-control algorithm logic is as follows:
DYNAMIC COORDINATED ACTIVE-MODE-SWITCHING-CONTROL ALGORITHM FOR SWITCHING MOTOR MODE TO JOINT DRIVE MODE
Regardless of the transmission efficiency and elastic characteristics between the components, the entire system is considered as a rigid body, considering both the body and the wheel to have an equivalent moment of inertia, as shown in Fig. 10 .
The moment of inertia of the rear end of the transmission is equivalent to the following:
In Fig. 10, T c , T e , and T m represent the torques of the clutch, engine, and motor, respectively; J m and Je are the motor and engine moments of inertia, respectively; i CVT is the transmission ratio and i 0 is the final drive ratio;J c is clutch, and J'' c is the clutch inertia of clutch disc, J " c is the clutch inertia of the slave disc; and J CVT and J V are the equivalent moments of inertia of the transmission and the body, respectively.
The following control algorithm is developed for when the engine is intervening in the operating mode of the transmission.
In the initial stage, at the time of T n (follow-up driving phase), the hybrid system is driven by the motor alone, the engine is turned off, and the clutch is disengaged. The motor target torque at this time is
During the driving process, the upper controller continuously receives information from the Internet of Vehicles and intelligent traffic, and this information is processed by the upper controller to obtain the target working mode at the next moment (T n+1 ).
In the second stage, if the target working mode at the next moment is inconsistent with the current working mode (the main vehicle needs to be accelerated, the demand torque is increased to the extent that the motor-engine combined drive can be satisfied, and at this time, the motor mode enters combined drive mode), the lower controller issues a modeswitching command, and the automatic clutch, EMCVT transmission, etc., enter working state and become ready to perform active mode switching. At the current T n time, the engine is rotated by reverse towing, and the engine speed increases as the friction torque transmitted by the clutch increases. In order to ensure that the engine speed approaches the motor speed as soon as possible, the EMCVT speed ratio is reduced, and the clutch is gradually engaged. The target torque and speed of the motor are still at this stage before the next moment of switching:
In the third stage, as the next moment arrives, the automatic clutch is engaged to a certain degree, and the torque of the engine is controlled by the driver to adjust the throttle opening. At this time, the clutch is in a slipping state, and because the engine-to-EMCVT ratio is controlled, the difference between the clutch main-and driven-disc speeds quickly reaches the threshold value range. The target torques of the engine and motor at this stage are
In the fourth stage, with a gradual combination of clutches, the clutch is quickly engaged when the clutch main-and driven-disc rotational-speed difference is less than the set threshold. After the clutch is fully engaged, the engine and motor enter torque-control mode and adjust the EMCVT ratio to the target speed ratio under the combined drive condition. At this time, the target torques of the two are
After the mode switching is completed, a real-time optimized torque-distribution algorithm, aiming at fuel economy, is used for the torque distribution.
IV. SIMULATED COMPARATIVE ANALYSIS
On the MATLAB/Simulink platform, the vehicle simulation model of the single-axis parallel hybrid system is established and simulated based on the previous model of the transmission system and the proposed dynamic coordinated activemode-switching control strategy. Fig. 13 is a simulation analysis diagram of a dynamic coordinated active-mode-switching control strategy, and Fig. 14 is a corresponding comparison diagram. As can be seen from Fig. 8 (b) , when the hybrid vehicle is accelerating, the mode is about to start switching to meet the power demand. This paper selects the 3 s before and after mode switching for analysis. The early shift time for the next mode switch is about 0.5 s.
According to the torque-demand information transmitted by the upper controller, in order to pass the green-light intersection, the hybrid system needs to change the driving mode, in order to accelerate the driving in 2 s. Based on a comparison of Fig. 13 (b) and Fig. 14 (b) , in the active-modeswitching control strategy, the clutch position is changed in advance after the lower controller receives the upcoming mode-switching signal. Compared with the conventional mode switching, the engagement is completed approximately 0.5 s in advance, and the switch is done from the motor mode to the combined drive mode. At this point, this stage is still in the red-light period.
According to a comparison of Fig. 13 (a) and Fig. 14 (a) , the rotational speeds of the motor and the engine are changed, because the speed ratio of the transmission is lower, and the clutch is gradually joined at this time, so that the engine speed approaches the motor speed as soon as possible. Fig. 13 (f) shows the relationship between the transmission input torque, clutch-transmission torque, and motor output torque with time when switching from the motor mode to combined drive mode. According to the figure, only the motor is used as power source before 1.7 s, so the input torque of the transmission end of the system is output by the motor. When 1.7 s is reached, the vehicle control unit (VCU) issues a command, the engine starts early, the speed torque is gradually increased, the clutch is gradually combined, the engine performs torque control, and the torque is output to the transmission system. In Fig. 14 (f) , the engine is started at 2 seconds, and the starting time is relatively delayed. Fig. 13 (c) shows the speed ratio change of EMCVT after the dynamic coordinated active-mode-switching control strategy is adopted. The EMCVT speed ratio is seen to follow well before 0.5 s, and the target speed ratio decreases after receiving the mode-switching command. Until the mode switching is completed, the target speed ratio rises rapidly, and the actual speed ratio also increases and tends to finally coincide.
A comparison of Fig. 13 (d) (e) and Fig. 14 (d) (e) reveals that the impact degree and slippery work for the dynamic coordinated active-mode-switching control strategy are smaller than those for the conventional mode-switching control. The comparison in terms of impact and sliding work is shown in Table 2 .
V. HIL-TEST-PLATFORM VERIFICATION COMBINED WITH TRAFFIC SCENE A. PLATFORM CONSTRUCTION
In order to more accurately evaluate the proposed control strategy, a traffic scenario based on PreScan was built, combining NI hardware and software, cockpit, and real vehicle controller (VCU). A hardware-in-the-loop test platform with the hybrid vehicle model as the control object was also constructed [32] , [33] .
The test platform consists of a host computer, lower computer, interface system, controller, and cockpit. The host computer is a PC, which is responsible for running the monitoring interface of PreScan and NI Veristand in real time. The lower computer is a PXI real-time system, which runs the vehicle model in real time, communicates with the controller, and is connected to the host computer via Ethernet. After the control strategy is compiled in MOTOHAWK, it is downloaded to the VCU, which communicates with the lower computer in real time. The steering and accelerationbrake-pedal signals of the cockpit are collected by the NI PXI signal-acquisition board into the vehicle model of the lower machine. The overall structural composition of the test platform is shown in Fig. 16 .
B. HIL TEST RESULTS AND ANALYSIS
After the interface definitions of the vehicle model and controller model are modified, the appropriate simulation step size is set and the code is generated, and these are imported into the lower computer and controller, respectively.
From a comparison of the hardware-in-the-loop test results, for the dynamic coordinated active-mode-switching control strategy, and the simulation results, it can be concluded that with the upper control algorithm, according to the different signal cycle and intersection distance, the OTLC algorithm can ensure that the vehicle can pass through the intersection quickly without stopping, thus improving the traffic efficiency. With the lower control algorithm, on the other hand, it can be seen that the clutches in Figs. 13 (b) and 17 (e) are both advanced by about 0.5 s, the engine is started earlier, and the numerical changes of the impact and sliding work are basically the same as those in the simulation. In the EMCVT speed-ratio test chart, the entire change process for the actual speed ratio can follow the trend for the target speed ratio and avoid large fluctuations in the speed ratio. In summary, hardware-in-the-loop experiments verify the validity of the simulation results, showing that the proposed dynamic coordinated active-mode-switching control strategy based on traffic scenarios can make the hybrid power system switch modes actively under traffic condition, using traffic information, thus reducing the impact of mode switch and improving driving smoothness.
VI. CONCLUSION
Through an analysis of simulation results and hardware-inthe-loop testing, the effectiveness of the dynamic coordinated active-mode-switching control strategy for hybrid systems is verified. When a hybrid vehicle in the future has modeswitching demand, it would be able to control the switching of key components such as engine, motor, clutch, and EMCVT in advance. After the dynamic coordinated active-modeswitching control strategy is adopted, the impact degree is reduced to a certain extent, the life of the hybrid power transmission system is prolonged, and ride comfort is improved. The application of intelligent transportation system on hybrid vehicles has been further developed, which has a certain guiding significance for future research on mutual cooperation between vehicles and intelligent transportation systems. XIAO WANG is currently pursuing the master's degree with the Chongqing University of Technology, Chongqing, China. His research interests mainly include optimization and control of intelligent electric and hybrid vehicles, and integrated control of vehicle automatic transmission systems. VOLUME 7, 2019 
